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Experimental probing of the anisotropy of the empty p states
near the Fermi level in MgB 2
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We have studied the boronK edge in the superconductor MgB2 by electron energy loss spectroscopy
~EELS! and experimentally resolved the emptyp states at the Fermi level that have previously been
observed within an energy window of 0.8 eV by soft x-ray absorption spectroscopy. Using
angular-resolved EELS, we find that these states at the immediate edge onset havepxy character in
agreement with predictions from first-principle electronic structure calculations. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1583132#
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MgB2 has received much attention since the discovery
its unexpectedly high superconducting transition tempera
of 39 K.1 Ground-state electronic structure calculations2–4

have determined that the boron states near the Fermi l
predominantly have ap character. Additionally, density func
tional theory~DFT! calculations~Fig. 1!4 suggest that thepxy

states exhibit a high density up to 0.8 eV above the Fe
level before dropping to near zero and then begin to
again after about 4 eV. The incompletely filledpxy states at
the Fermi level onset are believed to play an important r
in the superconductivity of this two-dimensional electro
hole Bardeen–Cooper–Schrieffer superconductor. Figur
further shows that including the core-hole effect will prim
rily lead to a decrease of the high density ofpxy states at the
Fermi level onset. The states withpz character exhibit a fla
density of states over the range of 10 eV from the Fe
level onset. X-ray absorption spectroscopy~XAS! and elec-
tron energy loss spectroscopy~EELS! will probe thesep
states in the BK edge. Angle averaged soft XAS of the BK
edge exhibits a peak at the edge onset that is consistent
a high density ofp states.3,4 By using polarized x-rays, the
symmetry of these states~i.e., whether they arepxy or pz

states! can be determined. However, these experiments
quire large single crystals, and, to date, x-ray absorption
periments have yet to be performed on such crystals.

Angle-resolved EELS, an alternative to XAS, reli
upon analysis of high-energy electrons that have underg
momentum transfer by propagating through a thin specim
Although conventional transmission electron microsco
~TEM! lack energy resolution in comparison to XAS, th
increased spatial resolution of EELS provides an invalua
tool for probing the local electronic structure of polycrysta
line materials. Leapmanet al.5 have further achieved high
angular resolution in a TEM by simultaneously observing
EELS spectrum as a function of scattering angle and ene

a!Electronic mail: klie@bnl.gov
4310003-6951/2003/82(24)/4316/3/$20.00
Downloaded 11 Jun 2003 to 130.199.3.2. Redistribution subject to AIP
f
re

el

i
e

e
-
1

i

ith

e-
x-

ne
n.
s

le

e
gy

loss. However, this type of experiment requires large sam
areas of constant thickness and crystal orientation. As M2
does not have a prominent cleavage plane, it is difficult
find sample areas that are thin enough for EELS studies
larger than 100 nm in diameter even if the bulk specime
have been thinned by ion milling or similar means. Thus,
order to obtain a good signal-to-noise ratio, we must usu
sacrifice the very high angular resolution.

Several recent EELS studies4,6–8have attempted to sepa
rate thepxy and pz states in theB K edge of MgB2, by
measuring the anisotropy in the fine structure for two in
dent beam directions, namely parallel and perpendicula
the crystalc axis. Under these conditions, a small angu
spread of the incident beam as well as the collected elect
~i.e., collection angle,1 mrad for 100 keV! is crucial. These
angles must be even smaller at higher acceleration volta
Due to these demands, there is thus far, no unambigu

FIG. 1. DFT ground-state calculations of the density of boronpxy and pz

above the Fermi level~bottom!. The core-hole effect is included in the to
calculations.
6 © 2003 American Institute of Physics
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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experimental determination of the symmetry of thep states
just above the Fermi level in MgB2.

The EELS results were obtained using the JEOL-300
scanning TEM/TEM, equipped with a Schottky field
emission source operated at 300 keV, an ultrahigh-resolu
objective lens pole piece, and a postcolumn Gatan imag
filter. The microscope and spectrometer were setup for T
with a ‘‘parallel illumination,’’ where the convergence ang
~a! is chosen to be less than 0.4 mrad and the spectrom
collection angleuc variable between 0.4 and 1.5 mrad. 1
individual EEL spectra of theB K edge ~acquisition time:
2–5 s! are added to increase the signal-to-noise ratio of
near-edge fine structure.

Figure 2~a! shows the BK edge with the incident beam
parallel to thec axis for three different effective collectio
angles~0.4, 0.7, and 1.5 mrad!; Fig. 2~b! shows similar spec-
tra with the incident beam perpendicular to thec axis. The
shoulder at the edge onset decreases with increasing co
tion angle in Fig. 2~a!, whereas the trend is opposite in Fi
2~b!. Furthermore, in Fig. 2~a!, the peak located at 203 eV i
the 1.5 mrad spectrum shifts toward the lower end of
spectrum with decreasing collection angle. The opposite
be observed in Fig. 2~b!, where the peak shifts from 201 e
in the 1.5 mrad spectrum to 202.5 eV in the 0.4 mrad sp
trum. All of these features can be understood by conside
the momentum transfer selection of the spectrometer
trance aperture,8 and the DFT calculations of the BK edge.4

Figure 1 shows that thepz states have a uniform density o
states at the Fermi level, extending more than 5 eV, while
pxy states within this energy window have a high peak at 1
eV with a energy width of 0.8 eV. The highest density of t
pz states can be found at 201 eV, whereas the highest de
of pxy states is located at 203 eV.

Figure 3 shows the contribution ofpz and pxy by the
momentum transfer parallel and perpendicular to the incid
beam direction as a function of scattering angle. Note t
these calculations are for discrete scattering directions

FIG. 2. ~a! EELS spectra recorded with the incident beam along thec axis
with effective collection angles of 0.4, 0.7, and 1.5 mrad.~b! EELS spectra
recorded with the incident beam perpendicular to thec axis with effective
collection angles of 0.4, 0.7, and 1.5 mrad. Each spectrum represent
sum of 15 individual spectra, obtained with 2–5 s acquisition time, a
persion of 0.2 eV/channel, and subsequently background subtracted.
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calculate the spectrum for a finite collection angle, we ha
to consider the cross section variation with scattering an
and integrate over the range of scattering angles.8 With the
incident beam along thec axis, as is the case in Fig. 2~a!, we
thus predominantly probe thepz states for collection angle
smaller than 0.5 mrad, while the contribution frompxy in-
creases with collection angle. For an incident beam para
to the c axis, thepxy contribution approach 100% at larg
scattering angle. Even at 1 mrad~;3 u/uE), an angle well
below the regime where the dipole approximation starts
break down, thepxy contribution is already 90%. The tren
is different with the incident beam normal to thec axis @Fig.
2~b!#. We have to emphasize however, that the anisotrop
the plane with the incident beam normal to thec axis neces-
sitates one to average over the azimuthal angle. This
result in a 50% mixture of both thepxy and thepz contribu-
tions.

Significantly larger orientation selectivity can therefo
be achieved by displacing the incident beam so that we
lect electrons that are scattered at least 0.5 mrad. The
trance aperture of the spectrometer is chosen to corresp
to a collection angle in excess of 0.4 mrad. Figure 4 sho
two spectra that fulfill these experimental conditions. Sp
trum @Fig. 4~a!# is taken with the incident beam perpendic
lar to thec axis, and the center of the entrance aperture
displaced byuD51.2 mrad toward the~001! diffraction spot;
the collection angle ranges fromuc50.7 mrad touc51.7
mrad. By displacing the aperture by 1.2 mrad toward
~001! diffraction spot, the majority of the spectral weight
chosen from thepz contributions. The shape of the BK edge
exhibits a high intensity prepeak that remains constant o
the range of 5 eV, which is in agreement with the firs
principle calculations. Although the DFT calculation~Fig. 1!
suggest a featureless spectrum for energies up to 15
above the Fermi level, a distinct peak at 194 eV, attributa
to the remainingpxy contribution, can be seen in the expe
mental spectrum. Spectrum@Fig. 4~b!# shows the results o
the displaced entrance aperture with thec axis parallel to the
incoming electron beam. The displacement of the apertur
chosen to beuD51.2 mrad. With the displaced aperture mo
than 90% of the total spectral contribution originates fro

the
-

FIG. 3. Fractional contribution frompz andpxy as a function of scattering
angle with the incident beamk parallel to thec axis (kic) and incident
beam perpendicular to thec axis (k'c). With the incident beam perpen
dicular to thec axis these curves depend on azimutal angle. In this figu
we have averaged over the azimutal angle.
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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the transitions into thepxy states. We clearly see the pre-ed
peak with a high intensity at the edge onset and a subseq
drop in intensity, as predicted from the first-principle calc
lations. The width of the prepeak of 1.4 eV, can be eas
explained as the convolution of the intrinsic peak width
0.8 eV and the energy spread of the incoming electron be
Upon further comparison with the DFT calculations~Fig. 1!,
it is obvious that the high intensity at the edge onset and
relative near-edge fine structure of the BK edge can only be
explained by disregarding the core-hole effect.

In summary, we demonstrated that the prepeak of
B K edge in MgB2, which was previously mainly attribute
to thepz states, contains contributions from both thepxy and
the pz components for most crystal orientation and acqu
tion conditions. By choosing the appropriate acquisition c
ditions, i.e., small collection angle and off-axis spectrosco

FIG. 4. Spectrum with the incident beam along and perpendicular to thc
axis. The diameter of the entrance aperture corresponds to an angle o
mrad and is displaced from the forward direction by 1.2 mrad.
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the individual components of the BK edge prepeak can b
directly separated. The shoulder at the BK edge threshold,
which originates from transitions into thepz states decrease
with the momentum transfer perpendicular to thec axis,
whereas a sharp peak just at the Fermi level rises with
creasing fraction of the momentum transfer normal to thc
axis. This leaves little doubt that the peak, previously o
served by XAS at the Fermi level,4 has pxy character in
agreement with first-principle calculations without a cor
hole effect.

Concluding, we have shown that thepxy peak at the
Fermi level can be resolved in the experimental spectra, e
with an energy resolution of more than 1.0 eV. This bet
understanding of the near-edge fine structure of the BK edge
will allow us to directly evaluate the effects of dopants, po
defects, and grain boundaries on the local superconduc
charge carrier concentration. Further, the comparison w
different kinds of density of states calculations will clari
the importance of the transition matrix elements on the c
culated BK-edge fine structure.

This work is supported by the U.S. Department of E
ergy, Division of Materials Sciences, Office of Basic Ener
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